B-lymphotropic herpesviruses naturally infecting Old World primates share biologic, epidemiologic, pathogenic, and molecular features with the human pathogen Epstein-Barr virus (EBV). These related gammaherpesviruses have colinear genomes with considerable nucleotide homology. The replicative cycle genes share a high degree of homology across species, whereas the transformation-associated EBV latent genes appear to be much more divergent. For example, the EBV BamHI Nhet fragment, which encodes all or part of the EBV latent infection membrane proteins, cross-hybridizes poorly to DNA from nonhuman primate B-lymphotropic herpesviruses. A viral DNA fragment corresponding to this region of the EBV genome was isolated from the baboon B-lymphotropic herpesvirus, herpesvirus papio, and used to clone a herpesvirus papio cDNA corresponding to EBV LMP2A. At least three tyrosine kinase interaction motifs are conserved despite significant amino acid divergence of the herpesvirus papio LMP2A first exon from the EBV homolog. Functionally, the herpesvirus papio LMP2A is tyrosine phosphorylated and induces tyrosine phosphorylation of cell proteins similar to EBV LMP2A. The 12 hydrophobic LMP2 transmembrane domains are well conserved. Two CBP (J) binding sites important for EBNA-2-induced transactivation of the LMP2A promoter are also present in the herpesvirus papio LMP2A promoter, and the simian LMP2A promoter is also responsive to EBV EBNA-2-induced transactivation in human B cells. Thus, transcriptional regulation, splicing, kinase interaction sites, and tyrosine phosphorylation of the LMP2A homologs have been conserved despite significant sequence heterogeneity in the preterminal repeat regions of these human and nonhuman primate EBVs. The conservation of the LMP2 gene, despite its apparent nonessential role for in vitro EBV infection, suggests an important role for LMP2A in vivo. The similarities between these human and simian B-lymphotropic herpesviruses, and the LMP2 genes in particular, suggest that the function of LMP2 in vivo could be addressed by using recombinant LMP2A-mutant simian viruses and experimental infection of Old World primates.
Old World nonhuman primates are naturally infected with a herpesvirus closely related to the human pathogen, EpsteinBarr virus (EBV). These simian herpesviruses share significant genetic, biologic, and pathogenic features with the human counterpart (reviewed in references 1 and 16). They readily immortalize isogeneric B cells in vitro (1, 16, 57) , nearly all hosts are infected and seropositive by adulthood (11, 12, 28, 29, 33) , virus transmission is associated with intimate contact (16) , the virus maintains a latent infection for the life of the animal (16, 32, 53, 56, 57, 63, 64) , and immunosuppression can lead to malignant proliferation of virus-infected B cells (15, 19, 34, 64) . Thus, these animals may provide a valuable in vivo model for EBV pathogenesis. However, past attempts to infect Old World primates with human EBV have been unsuccessful despite these similarities (16, 18, 38) . In vitro, EBV is variable in its ability to immortalize B cells from other nonhuman primates (18, 38) . The differences between the human and nonhuman herpesviruses responsible for these species restrictions remain to be determined.
Several studies suggest that the lytic cycle genes are well conserved between these human and nonhuman primate herpesviruses. Serum antibodies from seropositive humans and nonhuman primates against lytic cycle antigens are cross-reactive across species (1, 11, 14, 16, 39) , and immune monkey sera can neutralize EBV infection of human B cells (13) . The lytic origin of replication derived from the baboon herpesvirus, herpesvirus papio, can also be replicated by human EBV DNA fragments containing essential lytic replication components (60) .
In contrast, there appears to be a more significant divergence of the latent infection genes among human and simian herpesviruses. Serum antibodies against nuclear antigens 1 and 2 (EBNA-1 and EBNA-2) do not cross-react well across species (11) , and cloning of the herpesvirus papio EBNA-2 homolog demonstrates the significant nucleotide and amino acid divergence predicted by the serologic studies (42) . The herpesvirus papio EBNA-2 homolog does retain the acidic transactivating domain of this EBV latent gene which is essential for B-cell immortalization (42) .
In retrospect, much earlier studies from Heller et al. suggested that the EBV latent genes may not be well conserved between human and nonhuman primates (22) . In their studies of the baboon and chimpanzee EBV homologs (herpesvirus papio and herpesvirus pan), they noted that all EBV BamHI DNA fragments cross-hybridized to the simian homologs except for the BamHI E region near the middle of the linear EBV genome and the BamHI Nhet region near the 3Ј terminus. Since these studies, it has been recognized that the BamHI E EBV DNA fragment consists almost entirely of coding region for the EBNA-3A, EBNA-3B, and EBNA-3C latent nuclear proteins and the BamHI Nhet DNA fragment encodes the transformation-essential latent membrane protein 1 (LMP1) and the first exons of the latent membrane proteins 2A and 2B (LMP2A and LMP2B) (reviewed in reference 30).
In order to better understand these closely related human and nonhuman herpesviruses, we have cloned the coding and regulatory regions of the herpesvirus papio LMP2A homolog. Recent work has identified LMP2A as an important negative regulator for reactivation of EBV replication. B cells infected with LMP2A(Ϫ) recombinant viruses can be readily induced for EBV replication by surface immunoglobulin (sIg) crosslinking compared with wild-type LMP2A(ϩ) virus-infected B cells which are relatively resistant (49) . LMP2A associates with members of the src and syk families of tyrosine kinases and is itself constitutively tyrosine phosphorylated (5, 43, 48) . The amino-terminal cytoplasmic and first two transmembrane domains are sufficient for the tyrosine phosphorylation (43) . Although chimeric receptors consisting of LMP2A N-terminal cytoplasmic and CD8 extracellular domains are capable of transducing signals in B cells (3) , recent studies suggest that LMP2A acts as a negative regulator of sIg receptor-mediated signalling through tyrosine kinases (48) . LMP2A, with 12 hydrophobic transmembrane domains, constitutively aggregates into membrane patches (43) and may inhibit sIg-mediated signalling by acting as a dominant negative decoy for src and syk tyrosine kinases (48) .
Genetic recombinant analysis indicates that LMP2A is not essential for EBV replication or immortalization of B cells in vitro (31, (44) (45) (46) . However, LMP2A is expressed in vivo by latently infected B cells circulating in the peripheral blood and in nasopharyngeal carcinomas (4, 7, 55) . LMP2A epitopes are also recognized by cytotoxic T cells from EBV-seropositive individuals (37, 52) . We now find that despite extensive sequence heterogeneity in the first exon, the basic functional features of EBV LMP2A have been conserved in the herpesvirus papio homolog, further underscoring its potentially important biological role in vivo.
MATERIALS AND METHODS
Cell lines. B95-8 is a marmoset B-cell line infected with EBV from a patient with infectious mononucleosis (50) . S594 is a B-cell line derived by spontaneous growth from the peripheral blood of a baboon and is infected with herpesvirus papio (kindly provided by P. Johnson and N. Letvin [56] ). LCL8664 is a B-cell line derived from a retro-orbital B-cell lymphoma in a rhesus monkey and is infected with a rhesus EBV isolate (57) . BJAB is an EBV-negative human B-lymphoma cell line (47) . DNA cloning. (i) Genomic cloning. High-molecular-weight DNA was prepared from S594 cells induced for viral replication after BZLF1 transfection by sodium dodecyl sulfate (SDS) lysis, proteinase K digestion, and phenol extraction or as recommended by the manufacturer (Qiagen, Chatsworth, Calif.). Genomic DNA was digested with BamHI and cloned into the BamHI site of Bluescript. Clones were screened by cross-hybridization to a 32 P-labelled MluI fragment from the BamHI Nhet DNA fragment of B95-8. After overnight hybridization, filters were washed at 50ЊC with 1ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and then with 0.5ϫ SSC. The herpesvirus papio DNA clone identified by homology to EBV BamHI Nhet DNA is arbitrarily referred to as BamHI L8. A herpesvirus papio DNA clone corresponding to the EcoRI M fragment defined by Heller et al. (22) was cloned in a similar manner by cross-hybridization to the EBV BamHI K DNA fragment. Nucleotide sequencing of both ends reveals that this herpesvirus papio EcoRI M DNA fragment is homologous to the EBV sequence from 111,332 to 113,589.
(ii) cDNA cloning. Polyadenylated RNA was purified from S594 cells (Qiagen), and cDNAs were synthesized by using poly(A) priming and reverse transcriptase extension according to the manufacturer's recommendations (GIBCO, Gaithersburg, Md.). Colonies were screened by filter hybridization to a radiolabelled herpesvirus papio DNA clone.
(iii) Eukaryotic expression vector. The herpesvirus papio LMP2A cDNA clone was excised from the pSport vector (GIBCO) with an MluI digest and cloned into the EcoRI site of the eukaryotic expression vector pSG5 (Stratagene, La Jolla, Calif.) containing the simian virus 40 (SV40) early promoter, a betaglobin intron, and an SV40 poly(A). A similar vector containing the B95-8 LMP2A cDNA has been previously described and was kindly provided by R. Longnecker and C. Miller (43) .
In situ lysing gel. In situ lysing gels were run as described by Gardella et al. (17) . Briefly, 2 million viable cells were resuspended in loading buffer containing RNase and loaded onto an 0.8% agarose gel. An agarose plug containing 2% SDS and 1 mg of protease per ml was formed behind the wells so that cells were lysed in situ when electrophoresis was initiated. Gels were run at 15 V for 4 h to lyse the cells in the wells and then at 100 V for 18 h to allow episomes to migrate into the gel. The gels were transferred to nylon membranes and hybridized with 32 P-labelled herpesvirus papio DNA probes. Blots were washed at 68ЊC in 1ϫ SSC, 0.5ϫ SSC, and 0.2ϫ SSC for 30 min each.
Northern (RNA) blot analysis. Total cell RNA was prepared by using RNAzol. Fifteen micrograms of RNA was loaded per well and separated on a formaldehyde agarose gel. The RNA was transferred to a nylon membrane and hybridized with a 32 P-labelled herpesvirus papio DNA probe. Blots were washed at 68ЊC in 1ϫ SSC, 0.5ϫ SSC, and 0.2ϫ SSC for 30 min each.
Transfections and CAT assays. Cells (5 ϫ 10 6 to 10 ϫ 10 6 ) were electroporated in 0.3 ml of RPMI with 10% fetal calf serum at 0.2 V and 960 F, using a BioRad gene pulser. For chloramphenicol acetyltransferase (CAT) assays, cells were transfected with 15 g of a CAT reporter gene, 15 g of a plasmid containing either an SV40 early promoter-driven EBNA-2 gene or the SV40 early promoter alone, and 15 g of an SV40-driven ␤-galactosidase gene. Cell extracts were normalized for transfection efficiency by ␤-galactosidase activity, and CAT assays were performed as previously described (66) . For induction of EBV lytic cycle replication, cells were transfected with 30 g of the SVN plasmid containing a BZLF1 cDNA driven by an SV40 early promoter (8) . For transient expression of EBV and herpesvirus papio LMP2A, 30 g of the pSG5 plasmid containing the respective cDNAs was used.
Western immunoblots for phosphotyrosine expression and EBV antigens. BJAB cells (10 ϫ 10 6 ) were transfected with 30 g of the indicated pSG5 expression clone and incubated overnight in a T150 flask at a concentration of 10 5 cells per ml. Cells were harvested the next day, washed in phosphate-buffered saline, and lysed in loading buffer. A total of 3 ϫ 10 5 cells were loaded per lane and separated on a 9% polyacrylamide gel. The gel was transferred to a nitrocellulose membrane, blocked with 5% albumin in phosphate-buffered saline, hybridized with AB1/2 (a rabbit anti-phosphotyrosine antiserum kindly provided by A. Burkhardt and J. Bolen [40] ), and detected with 125 I-labelled protein A. Western blots for EBV antigen expression were developed by using EBVpositive human serum which detects both latent and lytic EBV antigens. Crossreactivity for simian EBV lytic antigens by the EBV-positive human serum was confirmed by the detection of induced early antigens by several EBV-positive human sera and the failure to detect similar antigens with EBV-negative human serum.
Digital imaging and computer alignments. Digital images of autoradiograms were obtained by scanning standard autoradiogram films or by exporting TIFF files after imaging on a Molecular Dynamics phosphoimager. Unmodified digital files were imported into the CorelDraw program for incorporation with line art. Computer alignments of nucleic and amino acid sequence were performed with the PCGene software (Intelligenetics, Inc.). Identification of transmembrane hydrophobic domains was performed with the TMAP program (54) at http: \\www.embl-heidelberg.de\map.
RESULTS
Cloning of a herpesvirus papio DNA fragment corresponding to the EBV BamHI Nhet DNA fragment. Since the EBV DNA immediately upstream of the terminal repeats encodes some or all of three latent membrane proteins and crosshybridizes poorly to herpesvirus papio EBV DNA (22), we cloned a corresponding herpesvirus papio DNA fragment by low-stringency cross-hybridization to a portion of the EBV BamHI Nhet DNA. A 2-kb DNA fragment was obtained. This was confirmed to be a viral DNA clone by hybridization to the herpesvirus papio episome present in S594 cells and was separated on an in situ lysing gel (Fig. 1, left panel) . As expected, this herpesvirus papio DNA probe did not hybridize to the EBV episome in B95-8 cells under stringent conditions and hybridized only weakly to episomal DNA from the simian herpesvirus naturally infecting rhesus macaques (rhesus EBV in LCL8664 [57] ) (Fig. 1, left panel) . In contrast, an EcoRI M probe from a putatively noncoding region of the herpesvirus papio genome cross-hybridizes well to the episomes of EBV, herpesvirus papio, and rhesus EBV under similar conditions as previously suggested by Heller et al. (Fig. 1, right panel) (22) .
Partial nucleotide sequencing from both ends of the DNA fragment revealed that it was approximately 60% homologous to the EBV BamHI Nhet DNA beginning at nucleotide 166,001 and approximately 40% homologous to the EBV BamHI Nhet DNA ending at nucleotide 168,020. Thus, this viral DNA fragment includes the putative herpesvirus papio homologs for the promoter and first exon of EBV LMP2A and the 3Ј untranslated portion of the LMP1 transcript.
The herpesvirus papio DNA was used as a probe on Northern blots with total RNA from cells infected with EBV (B95-8), herpesvirus papio (S594), and rhesus EBV (LCL8664) which were uninduced and induced for viral replication by transfection with the EBV BZLF1 transactivator expressed from the SV40 early promoter. The herpesvirus papio genomic DNA probe detects multiple transcripts in herpesvirus papio-infected cells. A 2.5-kb transcript is readily detected, and a 2.3-kb transcript can also be detected on longer exposures ( Fig. 2A and data not shown). Neither of these transcripts increases in abundance upon induction of viral replication, suggesting that these transcripts represent herpesvirus papio homologs for the latent membrane proteins LMP1 and LMP2A. EBV BZLF1 activity is confirmed with all three primate herpesvirusinfected cell lines by the induction and detection of early antigen expression on Western blot by cross-reactive human serum antibodies (Fig. 2C) . EBV BZLF1 transfection also induces viral DNA replication of all three primate herpesviruses, as determined by Southern blot analysis (data not shown). Thus, not only are antigenic epitopes of the lytic cycle antigens conserved among these primate herpesviruses, but the activation of the EBV lytic cycle by the BZLF1 transactivator is also functionally conserved between human and simian homologs.
The less readily detected 2.3-kb mRNA is likely to be the LMP2A transcript and is not as easily detected since this viral DNA probe is predicted to contain only the LMP2A first exon. The 2.5-kb mRNA likely represents the herpesvirus papio homolog for the EBV latent infection membrane protein 1 (LMP1) since the herpesvirus papio DNA clone is colinear with the region of the EBV BamHI Nhet encoding the 3Ј untranslated portion of the LMP1 mRNA. The viral DNA probe also detects smaller 0.8-kb transcripts in S594 cells. These are readily detected in the partially permissive S594 cells ( Fig. 2A) . Although they do not increase with early antigen induction, they likely represent the small early transcripts colinear with the 3Ј end of the LMP1 transcript described by Hudson et al. (26) .
Cloning of a cDNA for the herpesvirus papio LMP2A homolog. The herpesvirus papio DNA fragment was used to screen a cDNA library derived from S594 cells. Four identical cDNA clones were obtained, and full-length sequencing revealed an open reading frame encoding 482 amino acids with 12 hydrophobic transmembrane domains ( Fig. 3 and 4) . Overall, the cDNA sequence shared 54% amino acid identity with the EBV LMP2A protein (Fig. 4) . The unique first exon of LMP2A shares only 31% identity with the herpesvirus papio homolog, but the remaining sequence consisting of the multiple transmembrane spanning domains common to both LMP2A and LMP2B and the carboxyl-terminal cytoplasmic domain is well conserved (59% identity). The carboxyl-terminal cytoplasmic tails demonstrate 44% amino acid identity. The sequence of the herpesvirus papio LMP2 cDNA also dem- onstrates that the splicing pattern across the terminal repeats is conserved so that expression can only occur from circularized genomes, similar to that of EBV LMP2 (36) . When this herpesvirus papio cDNA was used to probe Northern blots, a 2.3-kb RNA which did not increase with viral replication was readily detected (Fig. 2B) . A larger 4.5-kb RNA which increases in abundance with replication was also detected (Fig.  2B ). This is similar to the EBV LMP2 probe which detects a 4.8-kb lytic transcript corresponding to the BNRF1 open reading frame (25, 27, 62) . This lytic transcript is detected by the herpesvirus papio LMP2A cDNA probe which contains regions not encoded within the original genomic probe. Interestingly, a 2.0-kb mRNA corresponding to the LMP2B gene is not detected with the herpesvirus papio LMP2A cDNA, which should be colinear with the last eight exons of LMP2B. Kinase interaction motifs in the LMP2A first exon are conserved in the herpesvirus papio homolog. LMP2A associates with cellular tyrosine kinases, is tyrosine phosphorylated, and can act as a dominant negative regulator of B-cell receptormediated induction of the EBV lytic cycle (48) . src family tyrosine kinases phosphorylate two tyrosine residues in a YXXL(N) 7 YXXL motif identified in the cytoplasmic domains of the Ig ␣ and Ig ␤ components of the sIg signal-transducing receptor complex and the amino-terminal cytoplasmic domain . This motif is well conserved despite the significant amino acid sequence divergence of the first exon between EBV and herpesvirus papio (Fig. 4) , suggesting that the src phosphorylation sites have been conserved in herpesvirus papio. A YEEA motif in the EBV LMP2A first exon has been recognized as similar to the YEEI recognition site for SH2 binding domains (3). This motif is relatively well conserved as a YEEP in the papio LMP2A (Fig. 4) . A third well-conserved region (PPPPYSPR) is also identified within the LMP2A first exon (Fig. 4) . Although not previously recognized, this sequence contains a repeated PXXP motif derived for SH3 binding domains (61) . Absolute conservation of this tetraproline repeat between the human and baboon LMP2A proteins suggests a potentially important functional role for this domain. Herpesvirus papio LMP2A is tyrosine phosphorylated in human EBV-negative B cells and induces tyrosine phosphorylation similar to that of EBV LMP2A. Conservation of the kinase interaction domains suggests that the herpesvirus papio LMP2A, like the human EBV LMP2A, would be tyrosine phosphorylated in human B cells. The herpesvirus papio LMP2A cDNA was cloned under control of the SV40 early promoter and transfected into the human EBV-negative tumor B-cell line BJAB. Expression of tyrosine-phosphorylated proteins after transient transfection was determined by Western blot analysis with polyclonal antisera specific for tyrosine-phosphorylated proteins. As previously demonstrated, transient transfection of the EBV LMP2A results in tyrosine phosphorylation of the overexpressed LMP2A 54 kDa protein (43) (Fig.  5) . EBV LMP2A transfection has been previously described to also result in the tyrosine phosphorylation of a 72-kDa cell protein representing tyrosine-phosphorylated syk (49) . Expression of this 72-kDa tyrosine-phosphorylated cell protein is similarly induced by both EBV and herpesvirus papio LMP2A transfection (Fig. 5) . Other less abundant tyrosine-phosphorylated proteins described in association with LMP2A transfection or EBV infection cannot be visualized under these conditions without immunoprecipitation. Transfection of the herpesvirus papio LMP2A cDNA clones results in the abundant expression of a tyrosine-phosphorylated 51-kDa protein (Fig. 5) , slightly smaller than the EBV LMP2A protein as predicted by the 15 fewer amino acids in the herpesvirus papio homolog. Thus, despite the nucleotide and associated amino acid divergence of the LMP2A first exon encoded within this region of the EBV and herpesvirus papio genome, the splicing, tyrosine kinase binding sites, and tyrosine phosphorylation of LMP2A have been conserved between the simian and human herpesviruses.
EBNA-2 responsiveness of the EBV LMP2A promoter is conserved in the herpesvirus papio LMP2A promoter. The 617-nucleotide region of the herpesvirus papio BamHI L8 sequence 5Ј to our longest cDNA is 59% homologous to the corresponding region of the EBV genome containing the EBV LMP2A promoter (Fig. 6) . The EBV LMP2A promoter is notable for its upregulation by the EBV EBNA-2 gene product (70) . The transcriptional transactivator EBNA-2 does not bind DNA directly but is recruited to EBNA-2-responsive promoters by its interaction with the DNA binding protein, CBP or J, which recognizes a consensus GTGGGAA sequence present in various EBNA-2-responsive viral and cellular promoters (20, 23, 42, 69) . Two GTGGGAA consensus binding sites in the EBV LMP2A promoter are repeated within close proximity, and the 5Ј GTGGGAA motif is conserved in the herpesvirus papio LMP2 promoter (Fig. 6) . A single nucleotide substitution has been made in the herpesvirus papio sequence corresponding to the EBV GTGGGAA motif more proximal to the transcriptional start site. However, the herpesvirus papio sequence does reveal a second consensus GTGGGAA motif 125 FIG. 4 . Comparison of herpesvirus papio and EBV LMP2A protein sequences. The herpesvirus papio amino acid sequence is numbered relative to the longest open reading frame. Three kinase interaction motifs within the first exon and conserved in EBV and herpesvirus papio are boxed. The hydrophobic transmembrane domains are underlined. The methionine residue at the beginning of exon 2 common to both EBV LMP2A and LMP2B is indicated by an asterisk at amino acid 120. A previously described HLA-A2-restricted cytotoxic T-cell epitope in EBV LMP2 is identified by the double underline. :, amino acid identity; ., amino acid similarity. VOL. 69, 1995 HERPESVIRUS PAPIO LMP2 8015 on July 7, 2017 by guest http://jvi.asm.org/ nucleotides 3Ј to the first herpesvirus papio GTGGGAA motif. Thus, dual GTGGGAA motifs have been conserved in the herpesvirus papio LMP2 promoter region. We tested whether EBNA-2 responsiveness has been functionally conserved in the herpesvirus papio LMP2A promoter by cloning the promoter in front of a CAT reporter gene and transfecting it into human EBV-negative B cells with or without an EBNA-2 expression vector. As described previously, EBNA-2 expression can induce CAT activity from an EBNA-2-responsive promoter such as the LMP1 promoter but has little effect on an EBNA-2-nonresponsive promoter such as the herpes simplex virus thymidine kinase promoter (Table 1) (65) . As shown in Table 1 , activity of the herpesvirus papio LMP2A promoter CAT construct is similarly induced severalfold in the presence of EBV EBNA-2, suggesting that LMP2A transcriptional regulation has been conserved among these herpesviruses.
DISCUSSION
These studies demonstrate that despite the evolutionary divergence of the EBV BamHI Nhet nucleotide sequence, several properties of the EBV LMP2A, such as the multiple hydrophobic transmembrane domains, protein kinase interaction motifs, tyrosine phosphorylation, splicing, and EBNA-2-induced transcriptional regulation, have been conserved in the herpesvirus papio homolog. We first cloned a herpesvirus papio viral DNA fragment which was colinear with the EBV BamHI Nhet fragment. We found that this simian viral DNA clone did not cross-hybridize well to the EBV episome, in contrast to other regions of the genome, and these findings were complementary to the observations of Heller et al., who studied simian herpesvirus genomes by using EBV DNA clones (22) . Surprisingly, the herpesvirus papio DNA clone also did not cross-hybridize well to the rhesus EBV episome. This suggests nearly as much sequence divergence in this region between herpesviruses from two Old World monkeys in the same family as between herpesvirus papio and human EBV. Recent cloning and sequencing of a rhesus EBV DNA clone colinear with EBV BamHI Nhet support these findings (16a). The geographic separation of certain Old World nonhuman primates to Africa (e.g., baboons) and Southeast Asia (e.g., rhesus macaques) may contribute to the evolutionary differences between these herpesviruses. However, Heller et al. also noted significant differences in the BamHI Nhet regions between herpesvirus pan (chimpanzees) and herpesvirus papio, herpesviruses which infect different families of Old World primates from a common location, i.e., Africa (22) . Surprisingly, a probe using the full herpesvirus papio cDNA clone does not detect a 2.0-kb mRNA in herpesvirus papioinfected cells, which would correspond to an LMP2B homolog. This probe should be nearly as sensitive for LMP2B as for LMP2A, since eight of nine exons are shared by the two mRNAs (36, 62) ; however, a 2.0-kb mRNA was not detected on repeated Northern blots, despite readily detectable LMP2A expression. This suggests that LMP2B is expressed either much less or not at all in herpesvirus papio-infected cells. A functional role for LMP2B remains unclear. This membrane protein might be predicted to aggregate or patch, since it contains multiple transmembrane domains but would not associate with tyrosine kinases because of the absence of the first 119 amino acids unique to LMP2A (5, 43) . The LMP2B transcriptional start site is positioned so that the EBNA-2-responsive LMP1 regulatory region acts as a bidirectional promoter for LMP1 and LMP2B (35, 62) . In contrast to the LMP2A first exon, the LMP2B first exon is noncoding. It will be interesting to confirm whether LMP2B expression is unique to human EBV. Unfortunately, our herpesvirus papio DNA clone does not extend to the region corresponding to the putative LMP2B first exon to provide sequence information for a detailed analysis.
It is interesting that the most dramatic nucleotide and amino acid divergence between the herpesvirus papio and EBV LMP2A is in the first exon, since the first 167 amino acids are sufficient for tyrosine phosphorylation and association with cellular tyrosine kinases (5, 43) . Busson et al. observed a similar predisposition for mutations in the LMP2A first exon in their analysis of LMP2A sequences from nasopharyngeal carcinomas and other EBV isolates (6, 7) . One might have predicted that regions containing important functional domains would be more well conserved than other nonessential domains. However, in general, sequence variation among EBV strains is more often associated with coding rather than noncoding regions. Indeed, the most dramatic EBV sequence variation is associated with the transformation-essential EBNA-2 gene, i.e., EBNA-2A and EBNA-2B alleles (30) . EBV strain variation has also been demonstrated in other latent EBV genes, e.g., EBERs (2), EBNA-3s (59), LMP1 (21, 51) , and LMP2 (6) . Similarly, significant nucleotide divergence between EBV and herpesvirus papio is more closely associated with latent genes rather than with noncoding regions or lytic genes, e.g., EBERs (24), EBNA-2 (42), EBNA-3 genes-BamHI E (22), LMP2A first exon, and LMP1-BamHI Nhet (this report, unpublished observations, and reference 22). Immunologic pressure has been implicated as a cause of EBV strain variation since some laboratories have reported strain-specific EBNA-3B nucleotide changes associated with a defined cytotoxic T-cell epitope (9) . LMP2A is expressed by circulating EBV-infected peripheral blood B cells (55) , and cytotoxic T cells directed against LMP2A can be frequently observed in EBV-immune individuals (52). However, in human studies so far, an EBV LMP2A epitope presented to cytotoxic T cells by a relatively common HLA-A2.1 genetic background has been mapped to the fairly well-conserved 11th transmembrane domain at amino acids 426 to 434 rather than to the aminoterminal cytoplasmic domain (37) (Fig. 4) . Another possibility is that the cell proteins which interact with the EBV latent proteins are not well conserved among primates and force evolution of the viral sequence. However, we find that the herpesvirus papio LMP2A is tyrosine phosphorylated and induces tyrosine phosphorylation of at least one cell protein in common with EBV LMP2A in human B cells despite the marked amino acid divergence in the EBV and herpesvirus papio LMP2A first exons. Similarly, Ling and Hayward and Ling et al. demonstrated that despite the significant sequence divergence of the herpesvirus papio EBNA-2 sequence, the carboxyl-terminal transactivation domains and certain critical sequences for EBNA-2 interaction with CBP(J) were conserved and functional in human B cells (41, 42) . Thus, the pressures driving the sequence divergence preferentially in the first LMP2A exon are unclear, and what we understand so far of the EBV immune response and the cell proteins interacting with viral latent proteins does not appear sufficient to explain these observations. The three conserved kinase motifs we have recognized in the herpesvirus papio LMP2 first exon are also conserved in a recent PCR analysis of the LMP2A first exon sequence from 28 different EBV isolates (6) . Previous reports have recognized the potential importance of the YXXL(N) 7 YXXL and YEEI motifs in the LMP2A amino-terminal cytoplasmic domain (3, 5, 43, 49) . Although not previously recognized, the conservation of a PXXP tetraproline repeat within this region suggests that it may also have an important functional role. SH3 domains have been observed to bind to short proline-rich domains with a PXXP motif, and specificity of the SH3 domain bound may be determined by the context of the proline-rich domain (58, 68) . A tetraproline repeat is well conserved in human immunodeficiency virus (HIV) nef sequences, and this nef PXXP motif has recently been shown to bind the SH3 domains of hyc and lyn. In addition, mutation of this PXXP tetraproline repeat in recombinant HIV results in lower viral titers similar to the phenotype observed with nef-deleted viruses (61) . Thus, the PXXP motif appears to play a positive role in HIV replication associated with cellular activation and signal transduction. In cells latently infected with EBV, cell activation and induction of EBV replication would be potentially detrimental to long-term virus survival and/or latency, so that the PXXP and other kinase interaction motifs appear to be playing a negative role in EBV replication (48) .
Functional conservation of the herpesvirus papio LMP2A gene and promoter suggests that the basic molecular mechanisms of these simian and human herpesviruses are similar. This lends further support to the concept that these simian herpesviruses will be a valid model for studying EBV pathogenesis. Although the factors contributing to the species restrictions on human and simian EBV infection remain to be determined, it should be possible to infect Old World primates with the herpesvirus which naturally infects their own species. Indeed, we have evidence from recent experiments that it is possible to infect selected rhesus monkeys with a rhesus EBV isolate (65a). This would provide a novel system for studying the biology and pathogenesis of latent EBV infection in vivo. The similarities of the herpesvirus papio LMP2A and the EBV LMP2A described here suggest that this Old World primate model may be useful for identifying the in vivo importance of a well-conserved latent EBV gene which is dispensable for in vitro infection and B-cell immortalization.
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